ϩ is required for the activity of multifunctional enzymes, including sirtuins and poly(ADP-ribose) polymerases that regulate posttranslational modifications, DNA damage responses, and Ca 2ϩ signaling. Recent research has indicated that NAD ϩ participates in a multitude of processes dysregulated in cardiovascular diseases. Therefore, supplementation of NAD ϩ precursors, including nicotinamide riboside that boosts or repletes the NAD ϩ metabolome, may be cardioprotective. This review examines the molecular physiology and preclinical data with respect to NAD ϩ precursors in heart failure-related cardiac remodeling, ischemic-reperfusion injury, and arrhythmias. In addition, alternative NAD ϩ -boosting strategies and potential systemic effects of NAD ϩ supplementation with implications on cardiovascular health and disease are surveyed. cardiovascular diseases; ischemia-reperfusion; nicotinamide adenine dinucleotide; oxidation-reduction (redox)
INTRODUCTION
Nicotinamide adenine dinucleotide (NAD ϩ ) is the central regulator of metabolism (8) . In fuel oxidation, NAD ϩ accepts hydride groups to form the reduced cofactor NADH. NADH is reoxidized at the inner mitochondrial membrane to drive aerobic production of ATP in the process of oxidative phosphorylation (OXPHOS) (Fig. 1) . Within normal cardiac physiological conditions, OXPHOS is responsible for~95% of the ATP generated, with fatty acids as the predominant substrate (103) . Additionally, NADP ϩ , the phosphorylated form of NAD ϩ , is required in the pentose phosphate pathway for generation of NADPH and ribose 5-phosphate. NADPH, the reduced form of NADP ϩ , provides primary protection against reactive oxygen species (ROS) damage and serves as the hydride donor for lipid and steroid hormone biosynthesis. In addition to the classical roles for NAD ϩ coenzymes in redox biochemistry, NAD ϩ can be consumed in important regulatory reactions. This review will examine the emerging use of NAD ϩ precursors in the prevention of cardiovascular disease with a focus on the inhibition of adverse cardiac remodeling in heart failure, attenuation of ischemia-reperfusion (I/R) injury, and mitigation of arrhythmic susceptibility. The implications of NAD ϩ metabolism in vascular biology and dysfunction will not be covered, since they have been reviewed elsewhere (87, 101) . However, the effects of increasing NAD ϩ in other organ systems that have implications in cardiac health are examined.
Biosynthesis and Metabolism of NAD ϩ

NAD
ϩ content is regulated by its synthesis and consumption. Depending on which biosynthetic pathways are expressed in a particular tissue, synthesis of NAD ϩ can be initiated from tryptophan in the de novo pathway or from the following three salvageable precursor vitamins: nicotinic acid (NA), nicotinamide (NAM), or nicotinamide riboside (NR) (Fig. 2) (12) . The de novo synthesis pathway of NAD ϩ primarily occurs in the liver and relies on the kynurenine metabolic pathway. Interestingly, the biosynthetic rate of the de novo pathway at which tryptophan is converted to NAD ϩ appears to be independent of the presence of NAM and activity of the salvage pathway (29) . NAM and NR are converted to nicotinamide mononucleotide (NMN) by nicotinamide phosphoribosyltransferase (NAMPT) and nicotinamide riboside kinase (NMRK) isozymes, respectively (10) . Alternatively, NAD ϩ is synthesized from NA via the Preiss-Handler pathway through nicotinic acid mononucleotide and nicotinic acid adenine dinucleotide. The ability of NA, NAM, and NR to stimulate NAD ϩ biosynthesis varies (19, 93) . Recent animal studies have indicated that equimolar oral NR is superior to NA and NAM in elevating NAD ϩ content in the liver (93) . In addition to biosynthesis, the uptake of NAD ϩ precursors is important in its regulation. NAD ϩ has reported to enter cells through connexin (Cx)43 hemichannels (11, 13, 76) . However, more recent data are more consistent, with Cx43-mediated NAD ϩ export and cADP-ribose (cADPR) import (86) . Given the expression of Cx43 hemichannels within cardiomyocytes, NAD ϩ export and cADPR import through this mode may be more important in the heart than other organ systems.
Because of bioavailability, preclinical studies have used NMN, NR, or NAM to elevate intracellular NAD ϩ . These metabolites enter the cell as either NR or NAM (84) . NAD ϩ and NMN are nucleotides that are converted to NR extracellularly by CD73 (32) . Upon entry in the cell, NR is then phosphorylated to NMN by NMRK isozymes NMRK1 and NMRK2 within the cytoplasm (28, 84) . NMN, through an ATP-dependent reaction, is converted to NAD ϩ by NMN adenlyltransferase. It has been estimated that Ͼ80% of cellular NAD ϩ in cardiomyocytes is found in mitochondria (3, 24) . This enrichment is explained by the high density of mitochondria within cardiomyocytes and the high energy demand of the heart.
Biosynthesis of NAD ϩ is counteracted by NAD ϩ consumption and degradation. The following three classes of enzymes consume NAD ϩ : sirtuins (SIRTs), poly(ADP-ribose) polymerases (PARPs), and cADPR synthetases (8) . SIRTs, the mammalian orthologs of the yeast silent information regulator 2, are a family of NAD ϩ -dependent deacylases that remove acetyl and other acyl groups from protein lysine residues. In so doing, SIRTs consume NAD ϩ and produce the nonmodified protein substrate plus NAM and an acylated ADP-ribose (ADPR) product. PARPs and other ADP-ribosyl transferases modify target proteins by the addition of an ADP-ribosyl group on glutamic acid, aspartic acid, and lysine residues. PARPs have been shown to alter protein-protein and protein-RNA interactions, modulate protein localization, and signal for ubiquitination (31) . Finally, cADPR synthetases, including the ectoenzymes CD38 and CD157, use NAD ϩ to produce ADPR, cADPR, and nicotinic acid adenine dinucleotide phosphate (NAADP). cADPR and NAADP are important second messengers in Ca 2ϩ mobilization and excitation-contraction coupling (36, 44, 47 NAD ϩ is used in fuel metabolism within the heart. The predominant substrate for energy production in the cardiomyocyte is fatty acids. Through fatty acid ␤-oxidation (FAO), NAD ϩ is reduced to NADH. NADH is used and oxidized to NAD ϩ in oxidative phosphorylation to produce ATP. Within conditions of mitochondrial dysfunction and ischemia, the heart relies on carbohydrates and glycolysis for the generation of ATP. Glycolysis reduces NAD ϩ to NADH. Subsequently, pyruvate is converted to lactate by lactate dehydrogenase to aid in the regeneration of the oxidized NAD ϩ . Glucose 6-phosphate from the glycolytic pathway can be shunted to the pentose phosphate shuttle where the phosphorylated form of NAD ϩ (NADP ϩ ) is reduced to NADPH. Acetyl-CoA can be generated from pyruvate, ketone bodies, and amino acids to participate in the tricarboxylic acid (TCA) cycle. The generation of ␣-ketoglutarate (␣-KG) from amino acids can also contribute in energy production within the TCA cycle. Metabolic reprogramming in failing hearts away from FAO and toward glycolytic and ketone body oxidation is predicted to decrease the NAD ϩ -to-NADH ratio, having major implications in cellular processes. Furthermore, decreasing NAD ϩ content by downregulation of biosynthesis or upregulation of consumption may limit metabolic processes.
NA and NAM were first used as a therapy and for prevention of pellagra, a nutritional deficiency. Characterized by dermatitis, diarrhea, dementia, and potentially death, pellagra was first described in the 18th century by the Spanish physician Gasper Casal in a poor farming population with a corn-based diet lacking fresh meat (82) . At high doses, NA, also known as niacin, increases high-density lipoprotein-cholesterol while decreasing triglycerides and low-density lipoprotein-cholesterol. However, use of NA as a therapy for dyslipidemia is limited by its high rate of side effects, including painful flushing of the face and chest, evoked by the release of PGD 2 (39) . NAM does not have the same beneficial effect as NA on lipid management (69) . Over the past two decades, additional therapeutic applications of NAD ϩ -related metabolites have been discovered based on our further understanding of redox biology and NAD ϩ signaling. Significantly, NR has been discovered as a third vitamin precursor of NAD ϩ that does not cause flushing and that functions as a SIRT-activating compound (9, 10) . NR has shown to be beneficial in resisting weight gain and improving circulating and hepatic lipids in high-fat diet-fed animal models (14, 94) . Now produced under Good Manufacturing Practice conditions, NR is safe for human use as an orally available agent that boosts the NAD ϩ metabolome (93) . Current research has shown that NAD ϩ supplementation using NAD ϩ precursors increases or protects against diminishing NAD ϩ content within the heart in various in vivo models (67, 76, 93, 107) . Furthermore, in pathological models of cardiac dysfunction, NAD ϩ supplementation normalizes the redox NAD ϩ -to-NADH ratio, which has downstream effects on cellular processes. However, much remains unknown about how NAD ϩ supplementation influences various NAD ϩ pools and associated metabolites in pathological conditions. The effects of NR and other NAD ϩ precursors have only started to be realized within cardiac health and disease (68) .
Emerging benefits of NAD ϩ in the pathological cardiac remodeling of heart failure. Oxidative stress and ROS are common mediators of pathological stimuli leading to cardiac remodeling. ROS activate a multitude of transcription factors and kinases to promote prohypertrophic signaling pathways that stimulate extracellular matrix remodeling and myocyte growth (90, 95) . The initial study (20) examining the beneficial effects of NAD ϩ in adverse cardiac remodeling was in a rat model of chronic volume overload by intrarenal arteriovenous fistula. In this model, supplementation of NAM in the drinking water resulted in improved cardiac function by decreasing oxidative stress and inhibiting downstream prohypertrophic signaling and matrix metalloproteinases (20) . Further studies have shown that NAD ϩ supplementation of neonatal rat cardiomyocytes prevented phenylephrine-induced ROS production and the hypertrophic response. In mice, peritoneal infusion of NAD ϩ prevented the hypertrophic response induced by angiotensin II by inhibiting the prohypertrophic Akt1 signaling pathway and supporting the antihypertrophic AMP-activated protein kinase (AMPK) signaling pathway through SIRT3-dependent activation of liver kinase B1 (LKB1) (76) . In a mouse model of obesity and type 2 diabetes, hepatic NADPH was depressed, which may allow for the production of systemic ROS. NR prevented multiple sequelae of obesity and diabetes mediated by this systemic ROS and normalized the NAD ϩ metabolome (94) . These studies have demonstrated that NAD ϩ supplementation has the potential to protect against adverse cardiac remodeling by decreasing oxidative stress and ROS. Perturbations of the metabolic state because of mitochondrial impairment from ischemia or other causes is central in the development of hypertrophy and heart failure. During development of heart failure, a shift from fatty acid oxidation (FAO) and OXPHOS to other forms of substrate metabolism (glycolysis and ketone oxidation) occurs (5, 50) . Within this reprogramming, the NAD ϩ -to-NADH ratio reportedly decreases (50) . This change in the oxidative-reductive capacity increases cardiac susceptibility to stress and protein hyperacetylation. This protein hyperacetylation is driven by decreasing NAD ϩ -dependent deacetylation, as seen in mouse models of pressure overload-induced hypertrophy and in patients with heart failure from ischemic or dilated cardiomyopathy (42, 49) . NAD ϩ precursor supplementation with NMN improved cardiac function and prevented adverse remodeling by normalizing the NAD ϩ -to-NADH ratio and attenuating mitochondrial protein hyperacetylation in a mouse model of pressure overload by transverse aortic constriction (49) . Additionally, a cardiac-specific mitochondrial complex-1 protein knockout (Ndufs4
) mouse model of mitochondrial dysfunction revealed hyperacetylation of proteins within the heart and increased susceptibility to cardiac stress (42) . Increasing NAD ϩ by NMN supplementation in Ndufs4 Ϫ/Ϫ mice prevented hyperacetylation and protected against cardiac dysfunction after transverse aortic constriction. Alternatively, increasing biosynthesis of NAD ϩ by overexpression of NAMPT resulted in protection against isoproterenol-induced cardiac dysfunction and adverse remodeling in these Ndufs4
Supplementation with NR demonstrates similar protective effects to NMN in adverse cardiac remodeling by normalizing the myocardial NAD ϩ -to-NADH ratio in mice with transverse aortic constriction (23) . Interestingly, long-term supplementation of NR increased nucleocytoplasmic protein acetylation by stimulating acetyl-CoA metabolism through mitochondrial citrate synthase and cytosolic ATP citrate lyase (23) . Of note, current analyses that rely on Western blot quantification of steady-state protein acetylation levels do not adequately account for the dynamic rates of acetylation and deacetylation reactions. Much still remains to be known about the steadystate balance and subcellular compartmentation of protein acetylation during the evolution of cardiac dysfunction.
SIRTs are emerging as protective mediators in pathological remodeling of the heart. SIRT1, the most extensively studied member of the SIRT family, has been shown to be important in mediating cardiac remodeling in the development of heart failure. Cardiac-specific SIRT1 knockout mice develop a mild cardiomyopathy with cardiac dysfunction (100). Activation and overexpression of SIRT1 in neonatal rat cardiomyocytes protected against metabolic dysregulation by inhibiting the downregulation of FAO genes in response to phenylephrineinduced hypertrophy (77) . Furthermore, in vivo activation of SIRT1 protected against cardiac hypertrophy, metabolic dysregulation, and cardiac inflammation in a mouse model of isoproterenol-induced cardiac hypertrophy. Numerous additional studies have shown a protective effect of SIRT1 activation in other models of cardiac dysfunction (4, 17, 85, 105) . However, overexpression of SIRT1 by Ͼ7.5-fold in transgenic mice resulted in cardiac dysfunction by inducing oxidative stress and mitochondrial dysfunction (4, 75) .
SIRT2 and SIRT6 have also emerged as prominent cardioprotective SIRTs (25, 91) . Overexpression of SIRT2 repressed angiotensin II-induced cardiac hypertrophy by deacetylating LKB1 and maintaining AMPK signaling, whereas deficiency of SIRT2 aggravated cardiac hypertrophy in aged mice and mice stressed with angiotensin II (91) . Alternatively, loss of SIRT6 in mice resulted in the development of cardiac hypertrophy and heart failure by inducing insulin growth factor-Akt signaling (89) . The importance of SIRT6 was further demonstrated in a mouse model of transverse aortic constrictioninduced heart failure in which SIRT6 overexpression resulted in increased survival, diminished cardiac dysfunction, and attenuation of the fibrotic and inflammatory responses (51, 89) . This has been shown to be, in part, the result of suppression of both the prohypertrophic STAT3 pathway and stress-responsive transcription factor c-Jun (89, 113) . In another model of isoproterenol-induced cardiac hypertrophy, SIRT6 was cardioprotective by activating autophagy (62) .
The activity of mitochondrial SIRTs, including SIRT3 and SIRT4, has implications for cardiac remodeling and the development of heart failure. SIRT3 appears to be required for maintaining cardiac function (37) . Deficiency of SIRT3 in mice worsened dysfunction in the heart after transverse aortic constriction by impairing cellular bioenergetics through increased acetylation of mitochondrial proteins (18, 45) . Overexpression of SIRT3 blocked the angiotensin II-induced hypertrophic response by repressing hypertrophic signaling, increasing synthesis of antioxidants, and upregulating key metabolic enzymes required for FAO (88) . Additionally, in a mouse model of Friedreich's ataxia cardiomyopathy, NAD ϩ supplementation by intraperitoneal injections of NMN restored cardiac function through a SIRT3-dependent improvement in cardiac bioenergetics (67) . Furthermore, it has been proposed that SIRT3 activity is required to protect against the hyperacetylation of mitochondrial proteomes after overnutritioninduced formation of high levels of acetyl-CoA (30) . On the other hand, increased SIRT4 activity may have detrimental effects within the heart. Cardiac-specific overexpression of SIRT4 in mice accentuated development of heart failure by increasing the degree of cardiac dysfunction, hypertrophy, and fibrosis in response to angiotensin II (65) . This study (65) demonstrated that SIRT4 overexpression increased oxidative stress by inhibiting SIRT3 binding and deacetylation of manganese SOD, an important mediator in scavenging ROS. In addition, suppression of SIRT4 by miRNA-497 overexpression diminished the adverse hypertrophic response induced by transverse aortic constriction in mice (106) . Furthermore, knockdown of SIRT4 was shown to improve metabolic functions by upregulating FAO metabolism in myocytes and hepatocytes, further suggesting that SIRT4 may be detrimental to the heart (48, 72) . The differential role of SIRTs and the interplay with NAD ϩ supplementation need to be further elucidated.
Another hallmark of heart failure is dysregulation of Ca 2ϩ homeostasis (64) . Ca 2ϩ handling is disturbed in the presence of oxidative stress, in part because of the effects of reduced NAD ϩ -to-NADH ratio on the Na ϩ /Ca 2ϩ exchanger (NCX). NCX, an antiporter that is responsible for the principal Ca 2ϩ efflux pathway within the cardiomyocyte, is inhibited by increased cytosolic NADH (59) . NADH-mediated NCX inhibition is facilitated through the accumulation of cytosolic ROS by an unidentified ROS-generating NADH-driven flavoprotein oxidase. However, it remains unknown how ROS directly acts on NCX. The inhibition of NCX would translate into increased intracellular Ca 2ϩ , propagating excitation-contraction coupling abnormalities. In a mouse model of pressure overload hypertrophy by transverse aortic constriction, NCX current density was significantly diminished in isolated hypertrophied cardiomyocytes despite increased NCX transcript and proteins levels (102) . Upon inhibition of the hypertrophic signaling by the calcineurin inhibitor cyclosporine, the effect of pressure overload on the heart toward NCX activity and expression was blunted (102) . These studies illustrate that NCX is interdependent on the cellular redox state and hypertrophic signaling pathways. The ability to normalize the NAD ϩ -to-NADH ratio by boosting the NAD ϩ metabolome has the potential to improve NCX function, Ca 2ϩ handling, and contractile function of the heart.
Previous studies have illustrated that knockdown of cADPR synthetase and NADase CD38 significantly increases NAD ϩ content in multiple tissues, including the heart (2). CD38 knockdown-mediated increase in cellular NAD ϩ content protected against angiotensin II-induced cardiac hypertrophy and fibrosis, providing an additional therapeutic approach for boosting NAD ϩ levels (33). Transcription factors are integral in physiology and cellular processing within the heart. Two transcription factors, Kruppel-like factor 4 (KLF4) and serum response factor (SRF), have been identified as playing a critical role in the heart. KLF4, described as a zinc finger transcription factor, was found to be important in maintaining cardiac mitochondrial homeostasis (52) . Cardiac-specific KLF4 knockout mice were sensitive to pressure overload stress by transverse aortic constriction, exhibiting decreased ventricular contractile function compared with control mice. NMN supplementation rescued this stress-induced sensitivity to cardiac failure by rescuing the mitochondrial dysfunction (112) . In another model, inducible cardiac-specific SRF knockout (SRF HKO ) mice develop a dilated cardiomyopathy (23) . Strikingly, NAD ϩ content within the hearts of SRF HKO mice was reduced by~30% after 15 days of SRF inactivation. Of note, the expression of NMRK2, the enzyme converting NR to NMN, was strongly upregulated in hearts of SRF HKO mice through a transcriptional pathway involving AMPK and peroxisome proliferator-activated receptor-␣. The upregulation of the NMRK2 pathway for NAD ϩ synthesis was coupled with downregulation of the NAMPT pathway. This shift in NAD ϩ synthetic pathways is seen in many models of heart failure and reflects an energy-sparing adaptation that may be beneficial in the failing heart (23). Furthermore, this adaptation suggests that NR is the preferred precursor for NAD ϩ restoration in models of heart failure. When supplemented with dietary NR, cardiac structure and function in SRF HKO mice were preserved with prevention of the adverse remodeling and deterioration of ejection fraction seen in SRF HKO mice on a standard diet. In addition, NRenriched diets potentially aid in the detoxification of ROS by increasing expression of the antioxidant regulator transcription factor Nfel2 and its targets in SRF HKO mice (23) . Collectively, NAD ϩ precursor supplementation holds the potential to protect against adverse cardiac remodeling by reducing oxidative stress, activating SIRTs, maintaining Ca 2ϩ homeostasis, and normalizing the NAD ϩ metabolome.
Emerging benefits of NAD
ϩ in I/R injury. Coronary artery disease, a major cause of heart failure, provokes I/R injury. I/R injury is the damage induced within the myocardium by prolonged hypoxia from decreased blood flow and subsequent reoxygenation of the tissue with the return of blood flow. During ischemia, the cardiomyocyte relies on glycolysis to produce ATP. This shift in metabolism is unsustainable and results in a cascade that includes the depletion of NAD ϩ , reduction of available ATP, and decrease in intracellular pH. Together, this causes inactivation of ATPases, overload of intracellular Ca 2ϩ , dysfunction of mitochondria, and activation of intracellular proteases (40) . Upon reperfusion, rapid introduction of oxygen and recovery of intracellular pH result in the production of ROS and further increases in intracellular Ca 2ϩ . Thus, I/R leads to substantial oxidative stress in cardiomyocytes, resulting in disruption of cellular metabolism.
In the heart, hypoxia has been shown to upregulate apoptotic pathways, including increasing expression of proapoptotic protein p53 (61) . SIRT1 regulates p53 activity by removing acetyl groups at several target lysines. In addition, NAMPT, the ratelimiting enzyme that converts NAM to NMN in the NAD ϩ salvage synthesis pathway, is downregulated at the mRNA and protein levels within the heart in models of ischemia and I/R injury, similar to models of heart failure. The depletion of NAMPT under ischemic conditions results in a decrease of NAD ϩ synthesis. Therefore, NAD ϩ depletion and the inability to regenerate NAD ϩ by NAMPT promote apoptotic signaling of p53 through decreased SIRT1 activity. In addition, SIRT1 has been shown to reduce oxidative stress by activating catalase and manganese SOD through deacetylation of proliferatoractivated receptor-␥ coactivator-1␣ and forkhead box O (FOXO) transcription factors (25) . Elevation of NAD ϩ content by either NR supplementation or upregulation of NAMPT could constitute therapeutic strategies to decrease oxidative stress and cell death in I/R injury.
Several studies have demonstrated the protective role of NAD ϩ in I/R injury. Supplementation of NAD ϩ in rat cardiac myoblasts increased survival in a dose-dependent manner after hypoxia and reoxygenation by driving SIRT1 activity on p53 (54) . These in vitro findings were confirmed in vivo with intraperitoneal injections of NMN before and during ischemia that were protective against I/R injury, as measured by reduced infarct size and increased SIRT1 activity (107) . In another study (34) , exogenous NAD ϩ by intraperitoneal injection was found to decrease infarct size in response to left anterior descending coronary artery ligation in wild-type mice. Deficiency of CD38 had a similar protective effect in this model by increasing NAD ϩ availability. In an in vitro model of hypoxia/ reoxygenation, deficiency of CD38 was protective against apoptosis through activation of the SIRT1/FOXO3 signaling pathway and reduction of ROS by upregulating SOD2 and downregulating ROS-generating NADPH oxidase 4 (34) .
In addition to SIRT1, SIRT3 appears to play an important role in the response to I/R injury. Deficiency of SIRT3 increased the susceptibility to I/R injury, since adult mouse hearts halpoinsufficent for SIRT3 had decreased functional recovery and increased infarct size in a Langendorff model of simulated I/R injury (78) . In addition, SIRT3 has been implicated in mediating the cardioprotective effects in response to I/R injury of metformin (26) .
This beneficial effect of NAD ϩ supplementation was further illustrated by intravenous infusion of NAD ϩ , which resulted in reduced infarction size, decreased troponin I levels, and atten-uation of apoptotic signaling and apoptosis in a rat model of I/R injury (114) . Although this study did not demonstrate that intravenous NAD ϩ increased intracellular NAD ϩ content, previous reports have shown exogenous application of the metabolite prevents the loss of NAD ϩ in conditions of depletion (76) . Similar to CD38 deficiency, NAD ϩ supplementation displayed protective antioxidant properties against ROS by increasing SOD activity through upregulation of mitochondrial SOD2 expression. Similarly, in a mouse model of sudden cardiac arrest, NAD ϩ repletion by intravenous NAM administration was protective in short-term survival after an 8-min cardiac arrest protocol (115) . In summary, there is strong in vitro and in vivo animal model evidence that NAD ϩ -boosting strategies have therapeutic benefits in protecting against I/R injury. Based on an understanding that intracellular activities of NAD ϩ and NMN depend on the NMRK pathway because of repression of the NAMPT pathway, the preclinical data appear sufficient to justify early phase evaluation of NAD ϩ precursor supplementation using NR in I/R injury in humans (84) .
Emerging benefits of NAD ϩ in arrhythmic conditions. Fatal inherited or acquired arrhythmias are the result of an imbalance of depolarizing and repolarizing currents and may arise from diverse pathological mechanisms. A combination of ion channels is responsible for the depolarizing and repolarizing currents that generate the cardiac action potential. Although NAD ϩ metabolism and content have not been directly examined in arrhythmic states, recent studies have established that the functions of these ion channels are tightly linked to the metabolic state of the heart (7). Conditions like ischemia that alter cardiac metabolism and reduce the NAD ϩ -to-NADH ratio serve as a substrate for arrhythmic events. Furthermore, arrhythmic events and conditions have been shown to regulate the metabolic profile in shifting from OXPHOS to glycolysis on a transcriptional and proteomic level (6) . This interdependence between metabolism and arrhythmias has established a role of NAD ϩ in cardiovascular electrophysiology. Current research has demonstrated the potential therapeutic effects of NAD ϩ repletion on ion channels in vitro, the action potential ex vivo, and arrhythmogenesis in vivo using animal models. In addition, downstream effects of NAD ϩ on Ca 2ϩ signaling are being evaluated.
The initial discovery of glycerol-3-phosphate dehydrogenase 1-like (GPD1L) as a modifier of the primary Na ϩ channel (Na v 1.5) responsible for the depolarization phase of the cardiac action potential indicated an important role for NAD ϩ in cardiac electrophysiology (60) . Sharing homology and activity with the cytoplasmic component of the mitochondrial glycerol phosphate shuttle glycerol 3-phosphate dehydrogenase 1 (GPD1), GPD1L interconverts glycerol 3-phosphate (G3P) and dihydroxyacetone phosphate using the redox coenzymes NAD ϩ and NADH. Possibly by altering cellular NAD ϩ and/or NADH metabolism, mutations that disrupt GPD1L activity decrease surface expression of Na v 1.5, manifesting in fatal arrhythmias observed in Brugada syndrome and Sudden Infant Death Syndrome (Fig. 3) (60, 99) . Common polymorphisms in GPD1L were also found to be associated with the risk of sudden cardiac death in patients with coronary artery disease (104) . Subsequent studies within this GPD1L paradigm established a potential mechanism in which a decreased NAD ϩ -to-NADH ratio results in elevated G3P and the downstream metabolic byproduct diacylglycerol, an activator of PKC. PKC, in turn, phosphorylates Na v 1.5 at S1503 to decrease channel surface expression (98) . Other studies, however, have demonstrated that NADH-mediated PKC phosphorylation at S1503 modulates single channel conductance (58) . In addition to NADH directly activating PKC by increasing phospholipase D activity and diacylglycerol levels, NAD ϩ has been shown to increase Na v 1.5 activity through PKA-mediated phosphorylation (57, 58) . Interestingly, in hearts isolated from mice that are haploinsufficient for Na v 1.5, perfusion of NAD ϩ for 20 min was protective against arrhythmogenesis assessed by programmed electrical stimulation. Further studies in left ventricular wedge preparations from human failing hearts demonstrated that application of NAD ϩ increased conduction velocity at multiple pacing cycle lengths (55) . The signaling mechanisms underlying the effect of extracellular NAD ϩ on intracellular signaling remain unknown; however, unpublished work suggests that CD38 may, in part, mediate this signaling of extracellular NAD ϩ by the production of cADPR in the regulation of Na v 1.5 (55) . Together, these studies have suggested that the cellular oxidative state and NAD ϩ signaling within the heart can modify its electrical activity (57) .
Increased oxidative stress within the heart has been established as an arrhythmogenic substrate by observations in models of heart failure. Elevated levels of ROS resulting from mitochondrial dysfunction have been shown to directly inhibit Na v 1.5 activity (56) . As previously stated, increased oxidative stress in heart failure facilitates hyperacetylation of proteins, including that of Na v 1.5 at a specific lysine residue, K1479 (100). This hyperacetylation of Na v 1.5 can be reversed by SIRT1, resulting in increased Na v 1.5 activity by enhanced surface localization of the channel (100). Mice with cardiacspecific knockout of SIRT1 in mice display increased Na v 1.5 acetylation, decreased Na v 1.5 current density, and increased arrhythmic events, including bradyarrhythmias, tachyarrhythmias, and conduction abnormalities. Potential therapeutic strategies in arrhythmias derived by Na v 1.5 dysfunction could include elevating intracellular NAD ϩ levels to increase SIRT1 activity to subsequently promote Na v 1.5 channel localization and activity (9) .
Additionally, K ϩ voltage-gated channel subfamily D member 2 (K v 4.2), a voltage-gated K ϩ channel that contributes to the transient outward potassium repolarization current, is subject to modulation by NAD ϩ /NADH through its pyridinesensing K v ␤1.1 ␤-subunit (96) . In the presence of K v ␤1.1, K v 4.2 demonstrates an inactivation in heterologous cell systems that would mitigate the repolarization current and prolong the action potential. This inactivation is further perpetuated by NADH and prevented by intracellular delivery of NAD ϩ (92). K v ␤1.1 knockout (K v ␤1.1 Ϫ/Ϫ ) mice have electrophysiological changes at baseline, including prolongation of the QTc and reduction in P wave duration and PR interval compared with wild-type mice. Unlike wild-type mice, K v ␤1.1 Ϫ/Ϫ mice do not appear to experience further QTc prolongation after isoproterenol-mediated hypertrophy, a model known to decrease the NAD ϩ -to-NADH ratio (96, 97) . This further suggests that K v ␤1.1 senses metabolic changes and modulates K v 4.2.
Several studies have examined the influence of acutely elevating extracellular NAD ϩ on the electrophysiological properties of the heart through purine receptor signaling. Although extracellular perfusion of NAD ϩ in mouse heart Langendorff preparations had no effect on action potential duration (APD) at 90% repolarization (57) , an acute 5-min extracellular NAD ϩ application decreased myocardial APD in both an isolated rat heart and guinea pig right atrial appendage preparation (79, 81 ). An additional study (46) observed a differential effect of NAD ϩ on atrial APD with an acute transient increase followed by a sustained decrease that is possibly explained by NAD ϩ acting differentially on both P2X and P2Y purine receptors. Furthermore, the influence of NAD ϩ on the ventricular conduction system was examined using Purkinje fibers isolated from rabbits and showed that APD at 50% and 90% repolarization was significantly reduced (80) . However, NAD ϩ had no effect on APD in spontaneously active Purkinje fibers, suggestive of distinct effects on repolarizing ionic currents. In addition to effects in the myocardium, NAD ϩ supplementation increased action potential upstroke velocity and the rate of slow diastolic depolarization within primary sinoatrial pacemaker cells in guinea pigs (79) . However, the mechanistic interplay between the electrophysiological effects of extracellular NAD ϩ and purine receptor signaling remains unclear. The NAD ϩ -derived Ca 2ϩ signaling second messengers cADPR and NAADP have also been implicated in arrhythmias.
Produced by cADPR synthetases, cADPR and NAADP potentiate Ca 2ϩ release from the sarcoplasmic reticulum (SR). The exact mechanisms by which these metabolites modulate SR Ca 2ϩ release are unclear. However, a body of research has shown that cADPR potentiates Ca 2ϩ release by activating ryanodine receptor type 2 (RyR2), whereas NAADP may be acting on more of variety of Ca 2ϩ stores, including microsomes, acidic stores, the endoplasmic reticulum, RyR2, or two-pore domain channels at the lysosomal-SR junction (16, 71, 73, 74) . Additional research has shown that cADPR may increase Ca 2ϩ uptake within the SR by increasing the activity of the SR Ca 2ϩ pump, which, in turn, would enhance RyR2-mediated Ca 2ϩ release (63, 108, 109) . cADPR increases the magnitude of Ca 2ϩ transients and the frequency of spontaneous Ca 2ϩ release events or "sparks" in cardiomyocytes from rats and guinea pigs (21, 38) . Ca 2ϩ sparks increase the intracellular Ca 2ϩ levels, resulting in NCX activation among modulating other ionic currents (27) . To remove excess Ca 2ϩ from the cytoplasm, NCX mediates an influx of Na ϩ (at an ion ratio of 1 Ca 2ϩ :3 Na ϩ ). This electrogenic influx promotes depolarization of the cardiomyocyte and Fig. 3 . Regulation of Nav1.5 membrane expression by NAD ϩ and NADH. The IIIϪIV intracellular domain of Nav1.5, historically known for its involvement in channel gating, has more recently been identified as a critical site for posttranslational modifications (PTMs) that regulate channel surface expression. Glycerol-3-phosphate dehydrogenase 1-like (GPD1L) interacts with Nav1.5 and modulates these PTMs. GPD1L interconverts glycerol 3-phosphate (G3P) and dihydroxyacetone phosphate (DHAP) using NAD ϩ and NADH as coenzymes. NAD ϩ increases channel membrane expression by activating PKA phosphorylation on the I-II intracellular linking domain in addition to boosting sirtuin (SIRT)1 deacetylation of lysine residue K1479 within the IIIϪIV intracellular linking domain. NADH has been shown to decrease channel membrane expression and single channel conductance by activating PKC, which phosphorylates S1503 within the IIIϪIV linking domain. PKC is also activated by a downstream metabolite of G3P, diacylglycerol (DAG). In a catalytically inactive mutant of GPD1L, a known A280V mutation among others predispose individuals to fatal arrhythmias and Brugada Syndrome, this regulation is disturbed. may lead to focal or propagated arrhythmias by delayed afterdepolarizations (Fig. 4) (47) . This arrhythmogenic potential of cADPR was further exhibited when ventricular myocytes demonstrated the generation of spontaneous action potentials when exposed to cADPR intracellularly (83) . Competitive antagonists of cADPR inhibited this effect. In addition, prevention of the formation of cADPR through inhibition of cADPR synthetases has been shown to be effective in the prevention of ouabain-induced arrhythmias in vivo (41) . Furthermore, wildtype hearts pretreated with SAN-4825, a selective inhibitor of cADPR synthetases, and hearts from CD38 knockout mice had a significant reduction in ␤-adrenergic stimulation-induced arrhythmias during isoproterenol application (53) .
Similarly, NAADP increases Ca 2ϩ transients in addition to increasing magnitude and frequency of Ca 2ϩ sparks in cardiomyocytes (66) . An antagonist of NAADP action, BZ-194, reduced arrhythmic events induced by isoproterenol in awake mice (73) . This research suggests that NAD ϩ supplementation and possible downstream formation of cADPR and NAADP may be arrthymogenic. The role of NAD ϩ supplementation and Ca 2ϩ signaling-mediated arrhythmogenesis warrants further exploration.
These mechanistic findings and insights provide evidence that manipulating the NAD ϩ metabolome has the potential to modulate Na v 1.5, K v 4.2, and Ca 2ϩ handling in ways that could prevent arrhythmias and sudden death. It remains unclear how extracellular NAD ϩ -related signaling integrates with intracellular NAD ϩ -related processes to regulate cardiac electrophysiology. In humans, extracellular NAD ϩ content in plasma can vary between 50 and 100 nM (35) . Other NAD ϩ metabolites have previously been shown to be present and sensitive to NAD ϩ precursor supplementation in the extracellular milieu (93) . It is unclear how extracellular NAD ϩ and related metabolites mediate cellular signaling and physiology of the heart in vivo. In addition, downstream byproducts of NAD ϩ precursor supplementation such as cADPR and NAADP may be arrhythmogenic. Thus, further studies are warranted to determine the potential effects of NAD ϩ and NAD ϩ precursors in the prevention and propagation of arrhythmias.
Beneficial systemic effects of NAD ϩ supplementation to cardiac health. In addition to the benefits for cardiac disease, NAD ϩ repletion has been shown to be therapeutically beneficial in other organ systems and diseases that have implications in cardiac health (43) . Supplementation of the NAD ϩ precursors was shown to prevent weight gain, improve muscle function, and reverse vascular dysfunction in aged mice (22, 70, 111) . Furthermore, NAD ϩ supplementation has been shown to improve multiple facets and sequelae of obesity and type II diabetes, including protection of high-fat diet-associated weight gain (14, 94, 110) . The potential beneficial features of NAD ϩ precursor supplementation on cardiac health are more expansive than direct effects on the heart.
Future Directions
NAD
ϩ and associated metabolites hold great influence on cardiac physiology in health and disease. NAD ϩ supplementation has emerged as potential therapy (Table 1) for pathological cardiac remodeling, I/R injury, and arrhythmogenesis. Increasing cellular NAD ϩ may be achieved by increasing the biosynthesis of NAD ϩ by supplementation of precursors; tryptophan, NA, NAM, NMN, and NR all hold the ability to increase NAD ϩ content, although they differ in efficiency (15) . Additional research is necessary to examine the differential effects, if any, of these various NAD ϩ supplements. NR has emerged recently has a leading candidate because of its bioavailability, safety profile, and superiority in raising NAD ϩ content relative to other precursors (93) .
This review outlined the evidence for beneficial effects of NAD ϩ supplementation with NAD ϩ , NAM, NMN, and NR in a variety of preclinical disease models. In addition, several mechanisms that highlight the importance of NAD ϩ in regulating cellular processes were described (Fig. 5) Fig. 4 . NAD ϩ and Ca 2ϩ signaling in arrhythmogenesis. NAD ϩ can be converted to cADP-ribose (cADPR) and nicotinic acid adenine dinucleotide phosphate (NAADP) by cADPR synthetases, including CD38, which can serve as both a cyclase and hydrolase for the subsequent conversion of cADPR to acylated ADP-ribose (ADPR). cADPR and NAADP trigger a cascade of events, including the activation of the Na ϩ /Ca 2ϩ exchanger (NCX), that may lead to the propagation of ventricular arrhythmias. NADH-dependent reactive oxygen species (ROS) accumulation by an unidentified cytoplasmic flavoprotein oxidase has been shown to inhibit NCX. Collectively, redox regulation and NAD ϩ metabolism hold the ability to regulate Ca 2ϩ handling and electrical activity in the heart. in health and disease will be necessary to fully delineate individual and concerted effects on NAD ϩ -consuming enzymes. For example, activation of SIRT1, SIRT2, SIRT3, and SIRT6 has been implicated in mediating cardioprotective effects of NAD ϩ supplementation; however, activation of SIRT4 and overactivation of SIRT1 may aid in the development of cardiac dysfunction. It is unknown how NAD ϩ -boosting strategies influence these SIRTs in concert. Furthermore, consumption of NAD ϩ by CD38 and CD157 to yield cADPR and NAADP may have detrimental effects within the heart because of the role of these metabolites in Ca 2ϩ signaling and arrhythmogenesis. Additional research will need to examine the effects of NAD ϩ repletion on the multitude of cellular processes involved in NAD ϩ consumption, signaling, and regulation. The translation of these cardioprotective benefits observed in preclinical studies to human patients and disease will yield an exciting period for NAD ϩ supplementation research. Initial human studies with NR have shown that NR by oral administration is effective in increasing NAD ϩ metabolism without adverse effects (1, 93). As a natural product and vitamin, NR is undergoing clinical testing for longer-term safety and efficacy. Other therapeutic strategies to increase NAD ϩ content such as inhibition of NAD ϩ -consuming enzymes or delivery of drugs like NR-releasing compositions offer additional promise.
Conclusions
NAD
ϩ -related metabolites have promising therapeutic effects in cardiovascular disease. Dysregulation of the NAD ϩ metabolome is developing as a focal point of the pathogenesis of adverse effects in many disease processes, including cardiac remodeling, response to I/R, and arrhythmic susceptibility. Stimulation of NAD ϩ biosynthesis by supplementation of NAD ϩ precursors may prove to be therapeutically beneficial. Insights on the differential effects of these NAD ϩ precursors will be critical, since further research is necessary to evaluate the potential of this therapeutic strategy in humans. Effects of boosting NAD ϩ in the heart. NAD ϩ precursor vitamins boost the cardiac NAD ϩ metabolome, resulting in 1) increased sirtuin activity, 2) increased NAD ϩ /NADH redox balance, and 3) elevated NADPH. Pharmacological NAM is a sirtuin (SIRT) inhibitor, and its conversion to NMN through NAMPT is downregulated in pathological cardiac stress, including models of ischemia/reperfusion (I/R) injury and pressure overload hypertrophy. However, NMRK2 has been shown to be upregulated in the presence of cardiac stress, including a mouse model of dilated cardiomyopathy, suggesting that NR is the preferred agent for cardioprotection. Although SIRT1, SIRT2, SIRT3, and SIRT6 are generally regarded as cardioprotective, the mitochondrial SIRT4 appears to induce cardiac stress and damage.
